Background Vincristine is an integral treatment component of many childhood tumors with potentially dose-limiting sensory and/or motor neuropathy. Results from a pilot study on the incidence of vincristine-induced peripheral neuropathy (VIPN) as well as the efficacy and safety of glutamine in reducing signs and symptoms of VIPN in children with cancer are presented. Methods Fifty-six patients between the ages of 5-21 with newly diagnosed leukemia, lymphoma, extracranial solid tumor or medulloblastoma and expected to receive a minimum cumulative dose of 6 mg/m 2 of vincristine over a 30-week period were eligible. Patients' neurological functioning was monitored every 3 weeks using clinical history, exam, and assessment of motor functioning. Upon identification of neuropathy, patients were randomized to either glutamine (6 g/m 2 per dose twice daily, maximum 10 g/dose) or placebo for a 3-week period followed by 3-week wash out period (Time 3). Results Forty-nine patients were fully evaluable and 100 % developed neuropathy per study definitions. No significant differences in demographics or side effects were noted between the randomized groups. The distribution of sensory neuropathy scores between the two groups was statistically significant after the intervention (p = 0.022). Children receiving glutamine also rated their quality of life (QoL) as 8.42 points higher on the PedsQL total score than those receiving placebo (p = 0.031). Conclusions Glutamine supplementation is well tolerated and associated with improvements in sensory function and selfreported overall quality of life. Future studies are warranted to confirm the efficacy of glutamine for the treatment of vincristine-related sensory neuropathy in pediatric cancer patients.
Background
Vincristine is a vinca alkaloid derived from the periwinkle plant, which causes disruption of microtubule function through binding to tubulin resulting in mitotic arrest in replicating cells and cell death [1, 2] . Vincristine is an integral component of treatment for many childhood hematologic and solid malignancies. The dose-limiting toxicity of vincristine therapy is neurotoxicity, typically mixed sensory, and motor neuropathy but also including dysautonomia with characteristic jaw pain, numbness, paresthesias, fine motor clumsiness, cranial neuropathies, neuropathic pain, obstipation, loss of deep tendon reflexes, and foot-hand drop. These symptoms often progress, significantly impacting quality of life (QoL) and leading to profound motor weakness [3] . Current management is limited to dose reductions or delays in treatment.
That vincristine-induced peripheral neuropathy (VIPN) is an established toxicity of anticancer treatment is widely accepted; however, there is limited data documenting its incidence and severity in pediatric oncology due to considerable variability in the assessment of neuropathy, with several emerging measures, but little consensus to date [4] [5] [6] [7] . In large comprehensive clinical trials in acute lymphoblastic leukemia (ALL) utilizing the National Cancer Institute Common Toxicity Criteria (NCI-CTC), severe VIPN of grades [2] [3] [4] has been documented with rates of 22-29 % [8] . With more sensitive exams, some small studies estimate incidence of symptoms and signs of VIPN approaching 100 % [6] . Among individuals with cancer 12 years and older, a recent meta-analysis of 13,683 patients documents that between 19 and 39 % suffer from neuropathic pain [9] . Importantly, despite general understanding of nearly uniform reversibility, more recent studies also suggest that the prevalence of VIPN extends into survivorship. Two small pilot studies among survivors of ALL found that approximately 30 % had abnormal nerve conduction studies up to 3 years post-therapy completion [10, 11] , and a longer-term study of survivors of extracranial solid tumors treated between 1962 and 2002 demonstrated sensory (20 %) and motor (17.5 %) impairment by the modified total neuropathy score with a median follow up from diagnosis of 25 years [12] .
In many of the existing studies, the assessment of VIPN has been limited to clinical assessment, most often utilizing the NCI-CTC. While this has been a widely used and systematic approach for assessment and documentation, it is inherently limited in its ability to capture all aspects of neuropathy of pediatric cancer patients and survivors [6] . Improved documentation of the incidence of neuropathy using assessments that are sensitive to change over time is needed so that clinical trials of innovative interventions may be designed and tested.
Proposed mechanisms underlying chemotherapy-induced peripheral neuropathy are multiple and incompletely elucidated, thereby limiting the discovery of effective prevention and treatment strategies. Hypotheses include primarily direct axonal damage but also mitochondrial dysregulation and changes in the gene expression of various pain mediators encompassing neurotransmitters and ion channels, as well as growth factors and cytokines [1, 13] . Vincristine administered weekly has antiangiogenic properties, and experimental models suggest that chemotherapy-induced neuropathy may actually be due to damage to the peripheral nerve microvasculature or vasa vasorum [14, 15] .
Preliminary laboratory and human data has suggested that glutamine may have a promising role in the prophylaxis and treatment of chemotherapy-induced neuropathy thereby enabling patients to receive optimal doses and frequency of anticancer agents [16] [17] [18] [19] [20] . While glutamine's specific role as a neuroprotectant is unknown, one proposed mechanism of action postulated has been related to circulating nerve growth factor (NGF) levels. Pilot studies have demonstrated a correlation between the severity of chemotherapy-induced neuropathy and declining levels of NGF in patients undergoing chemotherapy with various neurotoxic agents [21] . Additionally, glutamine has been shown to upregulate NGF mRNA in an animal model [22] . Another attractive hypothesis suggests that glutamine enhances microtube formation and/or stability [17, 23] . The low toxicity profile of glutamine per Micromedex and its suggested lack of interference with cytotoxic drugs make it an attractive supportive care agent in anticancer protocols. The primary aim of this study was to describe the incidence of VIPN in pediatric patients with cancer utilizing both standard-of-care and simple motor skill testing borrowed from neuropsychological assessment batteries. The secondary aims included (a) assessing the safety of glutamine in the pediatric oncology population, (b) investigating the efficacy of glutamine in preventing the progression and/or promoting resolution of VIPN, (c) exploring the effect of glutamine on measures of quality of life in children undergoing anticancer therapy, and (d) preliminarily examining the association of neuropathy with serum biomarkers (nerve growth factor and vascular endothelial growth factor).
Method
We conducted a longitudinal observation study, which included a double-blind, randomized, placebo-controlled intervention to investigate the efficacy of glutamine in the treatment of VIPN in children with cancer. All patients between the age of 5 and 21 who were diagnosed with leukemia or solid tumors and expected to receive a cumulative dose of 6 mg/m 2 of vincristine over a 30-week period (or >6 mg/m 2 if individual vincristine doses were capped at 2 mg) according to their primary cancer treatment protocol were eligible. Patients with CNS tumors other than medulloblastoma, focal neurologic findings, CNS metastasis, recurrent disease, already exposed to >8 mg/m 2 of vincristine, or with ≥grade 2 neurologic toxicity by the National Cancer Institute-Common Toxicity Criteria, version 3 (NCI-CTCv3) [24] , were excluded.
Subjects were consented according to Columbia University Institutional Review Board-approved guidelines, and all human investigations and interventions were in accordance with an assurance filed and approved by the U.S. Department of Health and Human Services. Following study enrollment and prior to the next initiation of an intensive vincristine-containing course, baseline assessment of the subject's neurological status (Time 0) was performed with clinical exam and history, as well as a focused battery of neuropsychological tests intended to screen for motor functioning. Motor and sensory neuropathies were graded using the NCI-CTCv3 that included the assessment of limb functioning, including deep tendon reflexes and gait observation. (http://ctep.cancer.gov/protocolDevelopment/electronic_ applications/docs/ctcaev3.pdf). The neuropsychological tests selected were the Purdue Pegboard (PPB) (fine motor), grip strength (GS) (motor strength), and the Symbol Digit (SD) Test (psychomotor) [25] [26] [27] . These assessments were performed by a psychologist and required about 10 min of the participant's time. Subjects' neurological functioning was monitored every 3 weeks (± 7 days) for the onset of neuropathy.
Peripheral neurologic toxicity was defined as either an increase in one clinical toxicity grade by the NCI-CTCv3 on physical exam or one-half standard deviation (SD) reduction from the subject's baseline score on any two of the three borrowed neuropsychological instruments that measure motor functioning, representing a clinically meaningful decline. Interval assessments also included a measure of quality of life (QoL) using the PedsQL 4.0 parent-report and self-report versions to monitor their physical, emotional, social, and school QoL [28, 29] . The data from the neuropsychological instruments were scored utilizing age-based norms that yielded standardized z-scores, with a mean of 0 and an SD of 1, while the QoL measure yields scores ranging from 0 to 100, and higher scores represent better functioning across all measures administered.
Following identification of study defined peripheral neuropathy, the subjects were randomized at day 0 (Time 1) to receive either glutamine or placebo (L-glycine) at a dose of 6 g/m 2 twice daily (up to a maximum of 10 g/dose) for 21 days (Time 1). Glutamine and the placebo were similar in texture, aroma, and taste (Thorne Research Inc., Dover, Idaho) and were dispensed by the research pharmacy in a powder formulation to be mixed in juice for oral administration. Only the research pharmacy and a single study coordinator were unblinded. Subject families were contacted once weekly during the supplementation period to answer questions designed to monitor compliance and adverse effects, while patient and/or parent completed a daily compliance diary. When possible, pre-and post-intervention study medication jar weights were used to corroborate self-reported compliance. Subjects were asked to return for a complete study assessment visit following the initial 21-day supplementation period (Time 2) and after an additional 21-day Bwash out^period on day 42 (Time 3) at which point the study concluded. Blood specimens were collected at baseline study entry (Time 0), and then at each study visit following identification of VIPN (times 1-3) for analysis of serum glutamine, nerve growth factor (NGF), and vascular endothelial growth factor (VEGF). The specimen collection and methodology has been previously reported [18] .
Statistical analysis
Descriptive statistics for both the glutamine and the placebo groups were used to summarize demographic information and diagnosis. The two groups were compared on these variables by using the independent two-sample t test for continuous variables and the chi-square test for independence for categorical variables (or Fisher's exact test for sparse data).
The main analysis compared the glutamine and placebo group on motor and sensory neuropathy scores from the NCI CTC v3, neuropsychological assessment scores (i.e., Purdue Pegboard Test, Symbol Digit Modalities Test, grip strength test), and QoL assessment scores (i.e., PedsQL) at the three time points.
To compare the motor and sensory neuropathy scores between the glutamine and the placebo group at each time point, the Wilcoxon-Mann-Whitney test was performed. Ordinal logistic regression analysis was used to assess the association between the change in motor or sensory neuropathy scores and the use of glutamine at the three time points. One-way analysis of variance (ANOVA) was used to compare the groups on mean change in QoL test scores between time points. A two-sample t test was used to compare mean VEGF and NGF levels by group at each time point. The analyses were conducted with SPSS version 20.0 software (SPSS IBM, Armonk, NY). A p value of .05 or less was considered to be statistically significant.
Results
Fifty-six patients were enrolled, of which 49 were evaluable. The CONSORT diagram is presented in Fig. 1 . Reasons for removal from study after randomization were change in clinical status (N = 3), family withdrawal (N = 2), family relocation (N = 1), and other (N = 1). Table 1 presents the demographics of the study participants. No significant difference between the placebo and control group were observed for any of the demographic variables.
Of the 49 evaluable patients treated with >6 mg/m 2 vincristine within a 30-week time frame, 78 % developed peripheral neuropathy as defined by CTCv3 and 100 % by the study criteria which included the assessment of motor functioning. The mean cumulative vincristine dose received at randomization was not significantly different between the glutamine and placebo groups (11.1 mg ± 4.6 vs. 9.5 mg ± 3.8, respectively). Interestingly, 26 (53 %) of the neuropathy classifications were by clinical history and examination alone using the NCICTCv3, 11 (22 %) by battery testing alone, and 12 (25 %) by both examinations. There were no significant correlations between the score on the NCI-CTCv3 and any testing instrument at the time of identification of peripheral neuropathy (time 1), suggesting that these measure different aspects of sensory and motor functioning. While no single neuropsychological testing measure emerged as most sensitive to detecting change over time, using both hands simultaneously to complete the Purdue Pegboard test demonstrated a low correlation with the sensory neuropathy scores (r = −0.30) at time 2. Additionally, no demographic variable appeared to influence the development of neuropathy.
As per clinical exam using the NCI-CTCv3, a statistically higher number of children progressed on the sensory neuropathy scale in the placebo compared to the glutamine group (p = 0.02) from time 1 to time 2 (Tables 2 and 3 ) based upon an increase in their NCI-CTCv3 score. Applying ordinal logistic regression, we continued to observe a significant change in sensory neuropathy scores, measured by the NCI-CTCv3 that was significantly associated with the use of glutamine between time 1 and time 2. The glutamine group had 3.48 times higher odds than did the placebo group to see a drop in the sensory neuropathy score going from time 1 to time 2 (p = 0.03) ( Tables 4 and 5 ). Following the 21-day wash-out period (time 3), no significant difference between the two groups was observed as the groups converged more closely together. When we evaluated neuropathy by NCI-CTCv3 results, we observed a difference in sensory neuropathy scores, but not on motor neuropathy scores, in the glutamine group on clinical assessment as compared with the placebo group (Fig. 2, Tables 2, 3 , 4, and 5). Serial battery testing data demonstrated no significant differences between the two groups at any time point post-randomization as defined by a 0.5 SD decline on any two of the assessment measures.
Being in the glutamine group was also associated with a significant difference in self-reported, but not parent-reported, overall quality of life over the previous 1 month following supplementation. A significant group effect on the PedsQL 4.0 total QoL change score between time 2 (day 21) and time 3 (day 42). Specifically, children in the glutamine group scored 8.42 points higher than did the placebo group on PedsQL total QoL summary score at time 3 (looking back over the previous 1 month), when compared with time 2 [F(1, 40) = 5.03, p = 0.03].
Compliance and side effects
Compliance with the administration of glutamine and placebo was similar between the two groups with 82.5 % (range 10-100) and 76.2 % (range 11-100) of the prescribed doses administered, respectively (NS). Glutamine was well tolerated with only mild patient-reported side effects in 2 % of the (Table 6 ). No significant difference in adverse effects was observed with glutamine compared to placebo.
Biological markers of neuropathy
Analysis of serum glutamine, NGF, and VEGF at each of the designated time points did not reveal significant associations between candidate serum biomarkers and the development of VIPN. This suggests that the effect of glutamine on sensory neuropathy was not mediated through NGF or VEGF. Analysis of these serum biomarkers by diagnosis did not alter the findings (data not shown).
Conclusion
To the authors' knowledge, we present the results of the first clinical study that describes the incidence of VIPN in children and adolescents with cancer utilizing both clinical and noninvasive objective motor assessment. Using only CTCv3 criteria, 78 % of the patients developed evidence of neuropathy; using both measures, the incidence of detectable neuropathy was 100 %. Our findings are consistent with documentation of early sensory electrophysiological abnormalities in 82 % of children in the midst of receiving four to eight doses of vincristine dose for ALL [30] , and the finding that 100 % of children ALL and solid tumors had a score exceeding zero on a pediatric modified total neuropathy score (Ped-mTNS) [5, 6] , or in the total neuropathy score (TNSr) for ALL survivors, on average 7.4 years post-treatment [10] . Our study adds to the body of literature highlighting the under-recognized prevalence of VIPN and underscores the need for effective interventions that either prevent or mitigate the effects of vincristine on the peripheral nervous system. While the primary endpoint was measured using the NCI CTC v3, as an exploratory aim, we also evaluated the utility of selected neuropsychological assessments to screen for motor functioning abnormalities; however, the CTC served as the primary benchmark for describing incidence of neuropathy. The finding that 22 % of our sample met criteria by battery testing alone suggests that the recognition of developing peripheral neuropathy symptoms among a proportion of patients may not be fully documented with the reliance upon history and physical exam, graded by a singular form of evaluation such as the NCI-CTC or Balis Scales [31] [32] [33] . It is important to point out the variability among assessment measures and questionnaires available at the time of study initiation, warranting the need for further research to identify measures sufficiently sensitive and specific to identify peripheral neuropathy among this population. It is therefore possible that the brief 10-min motor screening assessments provided a more structured and objective indication of subclinical evidence of vincristine-induced peripheral neuropathy, which could provide additional information to the clinician for proactive intervention. These assessments offer an alternative to other combined subjective and objective measures of nerve function such as the total neuropathy score-pediatric vincristine (TNS-PV) [32] and the Ped-mTNS [5] , recently developed and validated for use in children aged 5 and older as sensitive indicators of functionality. It is important to consider using these more clinimetric scales in future studies to extend our preliminary results. It is also notable that in a recent multi-centered comparative reliability and validation study of the TNS-PV in patients with acute lymphocytic leukemia, the TNS-PV and the NCI-CTC sensory scale used in our study were found to be the most responsive to changes in peripheral neuropathy over time [32] . Consequently, based on our results, it is highly recommended that patients anticipated to be exposed to >6 mg/m 2 VCR be proactively and serially screened for symptoms of peripheral neuropathy utilizing neurological and self- In addition, we found that glutamine may provide a protective effect for sensory, but not motor vincristine-induced neuropathic signs and symptoms, evidenced by change in both clinical and screening assessments. This result stands in contrast to a recent multi-center trial performed in 250 children with cancer which did not find a beneficial effect of glutamic acid for the prevention of vincristine-induced neuropathy [34] . There are several possible reasons for these disparate results. First, this was a single-institution study with a small sample that was assessed and monitored for compliance by a consistent study team. Additionally, our study was not restricted to patients undergoing treatment for leukemia. Consequently, in the Children's Oncology Group trial, corticosteroid-induced myopathy symptoms may have obscured a benefit of glutamic acid for vincristine-related neuropathy.
However, it is also plausible that the difference between the results of the two studies relates to either the form of the amino acid or dosing utilized. The dose used in the current study was determined by prior adult studies that also described a significant beneficial effect of glutamine on paclitaxel-induced peripheral neuropathy [18] . Finally, the longitudinal effect of supplementation with glutamine on patient-reported QoL should not be overlooked, as these findings are discrete from clinician-derived data and may have greater relevance when managing the acute-and late-effects of treatment for childhood cancer. The lack of observed benefit of glutamine for motor neuropathy may be related to the insensitivity of physical exam in detecting improvements in lower-extremity motor function, especially as lower limb function generally shows more impairment related to VCR use than do upper limb function.
Unfortunately, changes in the candidate biomarkers NGF and VEGF did not correlate with the development or degree of neuropathy, or the apparent benefit of glutamine administration. Recently, genome-wide association studies have identified a single nucleotide genetic polymorphism (T) in the promoter region of the CEP72 gene that is significantly associated with the development of NCI-CTC grade 2 or higher VIPN. CEP72 encodes a centrosomal protein critical for microtubule organization. The homozygous risk allele (TT versus CC/TC) correlates with lower expression of CEP72 and increased sensitivity to vincristine toxicity in patients and cytotoxicity in relevant preclinical in vitro models of normal neuronal tissues and leukemia [8] . While these results illuminate the direct axonal damaging effects of vincristine and offer the important potential to personalize dosing in order to mitigate severity of neuropathy, further studies will be required to determine whether such an approach actually compromises antitumor efficacy. Along a similar line of reasoning, Egbelakin et al. previously performed a pharmacogenomic analysis of the cytochrome P450 CYP3A5 genotype in children with ALL [35] . Active CYP3A5 enzyme expressers experienced less VIPN than did non-expressers, who consequently required more dose reductions or omissions but also demonstrated faster vincristine metabolism and clearance, potentially resulting in lower overall active drug exposure. While such genetic predisposition to toxicity may lead to better understanding of the mechanisms underlying VIPN and help identify patients at risk, supportive care strategies to ameliorate neuropathic symptoms that appear intrinsic to the cytotoxic action of the agent will still be required.
Despite the limitations, the results from this pilot study remain encouraging given the excellent compliance with administration of the glutamine and placebo, as well as the uniform assessments that included both physician exam and noninvasive screening in addition to self-and parent-report, at systematic time points. These preliminary results require collaborative studies to confirm the efficacy and safety of glutamine with a larger sample of pediatric cancer patients that utilize discrete measures of sensory and motor functioning to more clearly delineate the specific symptoms and risk factors associated with acute VIPN and incorporate long-term disease-related survival patient-reported outcomes. Additionally, future work should consider the inclusion of mechanistic studies to further our understanding of why glutamine may impart a beneficial effect on sensory neuropathy. The potential benefits of this and future interventions for chemotherapy-induced peripheral neuropathy are of paramount importance to pediatric cancer as survivors seek to resume their daily activities at the level commensurate with their pre-diagnosis abilities and overall level of functioning.
